A cDNA clone coding for a sea urchin histone H2A variant has been isolated. The coding region of the clone has been sequenced and the sequence found to be closely related to the H2A.F sequence in chickens. The nucleotide sequence of the sea urchin H2A.F/Z is 74% conserved when compared to chicken H2A.F and 51% conserved compared to sea urchin H2A early and 60% compared to sea urchin H2A late. The nucleotide-derived amino acid comparisons show that H2A.F/Z is 97% homologous with H2A
INTRODUCTION
Most eukaryotic organisms utilize multiple non-allelic histone variants (reviewed 1-4). Investigation of several recently discovered variants has revealed that the genes for some of these minor histone variants exhibit novel features for histone genes. Unusual features of these variant histone genes include:introns, polyadenylation of the 3' end of the mRNAs, and replication -independent expression of these genes (reviewed 3 and 5,6) . Although unusual for histone genes, each of these features is a common characteristic for non-histone genes. In addition to non-allelic histone variants similar to those observed in other systems, sea urchins have three developmental classes of histone genes that are expressed at sequential and overlapping times during embryogenesis and in the adult (7) . As yet, developmental class switching of histone genes has not be observed in other organisms.
Histones play a fundamental role in organizing DNA into nucleosomes and, together with other nuclear proteins, into higher orders of chromatin structure (reviewed 8, 9) . In view of the basic structural role played by histones, it is not at all clear why organisms utilize multiple histone variants. Two obvious exceptions are in sperm and in avian erythrocytes, where variant histones appear to be characteristic of altered chromatin structure. Indeed, in both of these instances, at least one of the 5 histone proteins is replaced by a variant isoform (3) . Another histone variant that may characterize structually altered chromatin is H2A.F/Z. Several lines of evidence, from a number of different systems, suggest that the histone variant H2A.F/Z may be associated with genes active in transcription (10) (11) (12) (13) . We report hgre isolation of a sea urchin cDNA clone coding for H2A.F/Z. In this study we have sequenced the clone, looked at its representation within the genome and investigated the developmental expression of the H2A.F/Z gene.
MATERIALS AND METHODS Animals and embryos.
Procedures for maintaining Strongylocentrotus purpuratus and spawning, fertilization and growth of embryos were as previously described (14) . Isolation of X108.
A cDNA clone, X108, was isolated in a differential screen of a gastrula XgtlO cDNA library (gift of Drs. T. Thomas and E. Davidson), using 32P-labeled cDNA from RNAs of primary mesenchyme and presumptive endoderm/ectoderm cells as hybridization probes. The ,108 sequence was originally identified for further study because it appeared slightly enriched in presumptive endoderm/ectoderm cells, compared to primary mesenchyme. More importantly for this study, x108 represents a sequence complementary to mRNA that peaks in abundance at the mesenchyme blastula stage. Phage DNA was isolated (15) and the sea urchin sequence, a 1.55 kb fragment, was liberated from the vector by digestion with EcoRI. Subcloning and restriction mapping.
The sea urchin X108 sequence was subcloned into pUC8 (16) .
Restriction mapping was carried out using the isolated 1.55 kb sea urchin fragment.
Sequencing.
pSplO8 was sequenced using both chemical sequencing (17) and the dideoxy chain termination technique (18) . The Protein Identification Resource, National Biomedical Research Foundation at Georgetown Medical Center was used to search for a computer match of the sequence.
Genomic Southerns and copy number.
Aliquots of S. purpuratus sperm DNA from a single animal were digested with three restriction enzymes and the DNA fragments separated by electrophoresis on a 0.8% agarose gel. DNA was transferred to nitrocellulose for hybridization with 32P-labeled pSplO8. Hybridization was carried out overnight at 650C in 3 X SET, 10 X Denhardt's solution and 0.1% SDS. To establish the number of copies of the H2A.F/Z gene in the genome, total genomic sea urchin DNA from a single animal and the 1.55 kb sea urchin fragment of pSplO8 equivalent to 0.2, 1, 2, and 5 copies were spotted onto nitrocellulose paper. The filter was hybridized to nick-translated, 32P-labeled pSplO8 as above. After exposure of the autoradiograph, hyridization dots were cut from the filter and quantitated by liquid scintillation counting.
RNA and poly A+ RNA isolations.
Total RNAs were isolated from eggs, embryos and adult structures by modification of a procedure of Chirgwin et al. (19) employing guanidine hydrochloride in the lysis buffer. The RNA was pelleted through a'cushion of 5.7M CsCl. Total RNA from mesenchyme blastula stage embryos was fractionated into poly A+ and poly A fractions by passage over oligo dT cellulose (20) .
RNA blot analysis.
RNA samples were denatured, separated by electrophoresis on 1% agarose formaldehyde gels and transferred to nitrocellulose paper as described (21 The X108 clone codes for a variant H2A histone gene, H2A.F.
The sea urchin cDNA fragment was cut out of XgtlO using EcoRI and the fragment subcloned into the plasmid pUC8. A restriction map of this subclone, called pSp1O8, is shown in Figure 1 . The entire coding sequence and a portion of the 3' untranslated region of pSplO8 have been sequenced.
The longest sequenced open reading frame is 379 nucleotides in the orientation shown in Figure 1 . Since the clone is approximately 1.55 kb in length, the 3' untranslated region of the mRNA is at least 1.1 kb long. However, it is likely that the 3' untranslated end is longer than 1.1 kb, as the mRNA is approximately 1.7 kb and no poly A tail was found at the 3' end of the clone. Sequence data were used to search the nucleotide data bank of the Protein Indentification Resource, National Biomedical Research Foundation. A match was found with a chicken histone variant, H2A.F (22) . Interestingly, the first search, carried out when only 50 nucleotides had been sequenced identified the chicken H2A.F variant, but not the sea urchin early H2A histone gene sequence which was also in the data bank (23) . Complete sequence data and subsequent analysis revealed the reason for the initial identification of the chicken variant and not the sea urchin sequence. Figure 2 compares the nucleotide sequences of the histone H2A.F coding regions from chicken and pSplO8. Sequence data are available for the entire coding region of the chicken sequence (22) . Assuming that the sea urchin protein is the same size as the chicken H2A.F, we have all but 8 coding nucleotides at the 5' end of the sea urchin cDNA clone. Out of 379 coding nucleotides 99 are mismatches, resulting in 74% homology between the genes of these evolutionarily distant organisms.
When the predicted amino acid sequences of these genes are compared, the evolutionary conservation is even more striking. Of 125 amino acids, there are only four amino acid changes or a 3% difference between the gly lys ala gly lys asp ser gly lys ala lys ala lys Chicken H2A.F ala gly gly lys ala gly lys asp ser gly lys ala lys ala lys Mammals H2A.Z lys ala gly lys asp ser gly lys ala lys thr lys ala val ser arg ser ala arg ala gly leu gin phe pro val gly arg ile his arg his ala val ser arg ser gin arg ala gly leu gin phe pro val gly,arg2ile his arg his ala val ser arg ser gin arg ala gly leu gin phe pro val gly arg leu lys thr arg thr thr ser his gly arg val gly ala thr ala ala val thr ser ala leu lys thr arg thr thr ser his gly arg val gly ala thr ala ala val thr ser ala ala ile leu glu tyr leu thr ala glu val leu glu leu ala gly asn ala ser lys asp ala ile leu glu tyr leu thr ala glu val leu glu leu ala gly asn ala ser lys asp leu lys val lys arg ile thr pro arg his leu gin leu ala ile arg gly asp glu glu leu lys val lys arg ile thr pro arg his leu gin leu ala ile arg2gly asp glu glu his leu gin leu ala ile arg leu asp ser leu ile lys ala thr ile ala gly gly gly val ile pro his ile his lys leu asp ser leu ile lys ala thr ile ala gly gly gly val ile pro his ile his lys ser leu lie gly lys lys gly ser gin lys ala Ilit term ser leu ile gly lys lys gly gin gin lys thr ala tere Figure 3 : Amino acid sequence of sea urchin H2A.F/Z predicted from DNA compared to the predicted sequence in chicken and protein sequence in mammals. The predicted amino acid sequences for the sea urchin H2A.F/Z and chicken H2A.F are compared. Mismatches are indicated by a line ovej the amino aci5. These sequences are compared to peptide data from calf (24) and mouse (25) with mismatches indicated by a line under the amino acid. (25) . By aligning the mammalian H2A.Z sequences with the chicken and sea urchin H2A.F sequences, the available data suggest that H2A.F is equivalent to the mammalian H2A.Z variant (Figure 3 and 13,24,25) . Further, the mammalian H2A.Z protein variant has been shown to comigrate on 2-dimensional gels with sea urchin H2A.Z and the two proteins have seven arginine and eight lysine tryptic peptides in common (26) The Z variant in sea urchins has also been called Y6 and M (7) . Sea Urchin H2A.F/Z is significantly divergent from other sea urchin H2A genes. Comparison of the sea urchin variant with other sea urchin H2A genes shows significant divergence among the members of the sea urchin H2A gene family. In order to compare the sequences, they were first aligned using the amino acids and this positioning was used for the nucleotide comparisons. To match the amino acid sequences between H2A early and H2A.F, 2 deletions and one addition have been made in the H2A early sequence. The assignment of one amino acid deletion near the N-terminal end of the H2A early protein sequence has been made after comparison to the H2A late sequence (27) . Also H2A.F has one additional C-terminal amino acid. Figure 4 illustrates that between H2A early (23) and H2A.F there are Sea urchin H2A.F/Z gly lys ala gly lys asp ser gly lys ala lys ala lys Sea urchin H2A early ser gly arg al lys * ser gly lys ala arg thr lys ala val ser arg ser ala arg ala gly leu gln phe pro val gly argi Ile his arg his ala lys thr arg ser ser arg ala gly leu gln phe pro val gly arg val his arg phe leu lys thr arg thr thr ser his gly arg val gly ala thr ala ala val thr ser ala leu arg lys gly asn tyr ala lys * arg val gly gly gly ala pro val thr met ala ala ile lue glu tyr leu thr ala glu val leu glu leu ala gly asn ala ser lys asp ala val leu glu tyr leu thr ala glu ile leu glu leu ala gly asn ala ala arg asp leu lys val lys arg ile thr pro arg his leu gln leu ala ile arg gly asp glu glu asn lys lys ser arg ile ile pro arg his leu gln leu ala val arg asn asp glu glu leu asn ser leu ile lys ala * thr ile ala gly gly gly val ile pro his ile his leu asn lys leu leu gly gly thr val ile ala gin gly gly val leu pro asn ile gln lys ser leu ile gly lys lys gly ser gln lys ala thr term ala val leu leu pro lys lys thr ala lys ser ser tenn Figure 5 : Amino acid comparison between sea urchin H2A.F/Z and H2A early. Amino acid sequences derived from nucleotide data are compared for these two sea urchin H2A genes. The * indicates a missing amino acid in the corresponding sequence. The nine boxed amino acids are the H2A conserved sequence found in all H2A genes examined (28) .
184 mismatched nucleotides out of a total of 379, or 49% divergence between the two sequences. A similar comparison between H2A late and H2A.F/Z (27) reveals only a 40% divergence in the nucleotide sequence (data not shown). Although the H2A.F/Z sequence is significantly divergent from either H2A early or late, the conservation of the nine amino acids of the H2A invariant peptide (20) (boxed in figure 5 ) demonstrates that H2A.F/Z is an authentic H2A sequence. Interestingly, while the degree of conservation on a nucleotide level is higher between H2A late and H2A.F (60%). compared to H2A early and H2A.F (51%), the conservation on an amino acid sequence level is about the same: 56% and 57% respectively. Representation of H2A.F/Z within the S. purpuratus genome.
To investigate the representation of pSplO8 within the genome, the fragment was labeled with 32 by nick-translation and hybridized to total genomic DNA. Aliquots of DNA from sperm of an individual animal were digested with three different restriction enzymes. The restriction fragments were separated on an agarose gel, transferred to a nitrocellulose filter, and hybridized to the 32p labeled pSplO8. Results of the hybridization show a pattern consistent with a low copy number of this sequence per genome ( Figure 6A) .
A determination of the number of copies of H2A.F/Z was carried out for comparison with copy numbers for H2A early and H2A late genes. The early histone genes, which are transcribed following fertilization and throughout Snditions, transferred to nitrocellulose and the blot hybridized to P-labeled pSp1O8 DNA. This is a long exposure of the blot to enable visualization of RNA at early cleavage. B. Several RNA blots were run and the bands cut out and counted. Not all stages were run on all gels, but mesenchyme blastula RNA was always included as a standard. All RNAs run on the same gel were from the same batch of embryos. Results are normalized to % of counts in mesenchyme blastula lane and averaged from several blots. Egg represents 3 points; 16 cell stage 3 points; mesenchyme blastula 5 points; gastrula 4 points; plutus 5 points. Error bars represent the range of values obtained.
AATAM (31) . However, as noted earlier, it is suspected that the 3' end of the clone may not be full length. H2A.F/Z mRNA is represented in all developmental stages and adult structures. The relative abundance of the mRNA for H2A.F/Z was determined at selected developmental stages. RNAs were separated under denaturing conditions on an agarose formaldehyde gel and transferred to nitrocellulose. Hybridization to 32P-labeled pSplO8 demonstrated that all developmental stages contained a 1.7 kb RNA complementary to pSplO8 and that this transcript is most abundant in mesenchyme blastula stage embryos ( Figure 8A ). Several RNA blots, using RNAs isolated from separate batches of embryos were analyzed by cutting out the bands and quantitating the relative hybridization at the various embryonic stages. Figure 8B is a were loaded on 1% agarose gels. RNA blots were hybridized to P-labeled pSpl08. This figure represents a composite of several gels and therefore the relative intensities of each band do not necessarily reflect the relative abundance of the histone H2A.F/Z mRNA in each adult structure. Intestive and coelomocyte RNAs are on the same gel and ovary and testis RNAs are on the same gel .
composite of these results where, in each blot, counts are normalized to % abundance at mesenchyme blastula which is set at 100%. Histone H2A.F/Z mRNA is stored in the egg as a maternal transcript. The mRNA abundance decreases slightly during early cleavage and then increases dramatically by the end of cleavage. The peak of mRNA abundance declines as the cleavage rate slows during gastrulation and is maintained at this reduced level throughout embryogenesis. Comparison of the relative hybridization of 32~~~~~~~~~~~~~~~3 2P-labeled poly A+ RNA to pSplO8 and to the 36 untranslated region of the actin gene CYI, whose transcript number has been previously quantitated (32) , showed that there are approximately 50,000 copies of the H2A.Z transcript per mesenchyme blastula embryo (data not shown).
The representation of mRNA for H2A.F/Z in several adult structures was also investigated (Figure 9 ). pSplO8 hybridized to a 1.7 kb RNA in all the adult structures tested including: intestine, tube feet, coelomocytes, ovary, and testis. Since Figure 9 is a composite of separate hybridizations of different RNA blots, the hybridization signals are not an accurate representation of the relative abundance of H2A.F/Z mRNA among these adult structures. However, inclusion of mesenchyme blastula RNA on an adult RNA blot suggests that the abundance of histone H2A.F/Z mRNA in adult tissues is less than one third that seen at the mesenchyme blastula stage (data not shown).
DISCUSSION
Sea urchins exhibit a complex developmental pattern of expression of members of the histone multigene family. Details of the developmental switches from one class to another have been worked out from data supplied by a number of investigators. The pattern that emerges is that during embryogenesis there are three sets of histone genes: cleavage stage, early and late, which are expressed at sequential and overlapping times during development and in the adult organism. A great deal is known about the early and late variants at both the gene and the protein sequence levels. The cleavage stage histones, which have been identified on protein gels, have so far eluded cloning. In addition to these major histone variants, there are also recently discovered sperm-specific late histone H-1 and H-2b subtypes (33) . We have isolated a cDNA clone coding for a histone H2A variant gene that exhibits features uncharacteristic of the major classes of histone genes in sea urchins.
Isolation and characterization of a cDNA clone for the sea urchin histone H2A.F/Z gene has supplied information which furthers our understanding of this unusual H2A histone variant and the gene which codes for it. This is the second report of the isolation of a cDNA sequence coding for the H2A.F variant. The other was a study reporting the cloning of the sequence in the chicken (22) , an organism evolutionarily very distant from the sea urchin. The conservation at the amino acid level for these two proteins is a remarkable 97%. Additional information in the literature demonstrates that the protein coded by H2A.F in sea urchins and chickens is nearly identical to the H2A.Z protein in mammals and H2A.Z in sea urchins (figure 3, 13, [24] [25] [26] (29, 30) . In addition the mRNA has an exceptionally long 3' untranslated tail, at least twice as large as the next longest sea urchin histone mRNA. The mRNA fractionates in the poly A+ RNA fraction from oligo dT cellulose. In sea urchins, as in most other organisms, the major histone mRNAs are nonpolyadenylated, with the exception of H-1 which appears to be represented in both the poly A+ and the poly A fraction (36, 37) . However, one of the more unusual features of the H2A.F/Z sequence, and perhaps one of the most important when considering its functions, is the expression of the mRNA and the corresponding representation of the protein.
In sea urchins the levels of histone H2A.F/Z found in the chromatin of embryos from early cleavage to gastrulation generally represents 1-10% of the total H2A (26); a small, but reproducible portion of the total. Studies presented here demonstrate that H2A.F/Z mRNA is represented in all developmental stages and adult tissues tested. Preliminary data from embryonic cell fractionations (38) and in situ hybridization (39) suggest that distribution of H2A.F/Z mRNA is not lineage specific. From mRNA and protein studies, histone H2A.F/Z is the only known histone variant in the sea urchin that is found in every cell type looked at so far. Furthermore, H2A.F/Z appears to consistently represent a minor portion of the total H2A population, no matter which major H2A variant is present. This suggests that H2A.F/Z is serving a conserved function throughout the life of the organism. Studies from other systems suggest that H2A.F/Z, or a closely related protein variant, may be associated with active genes. In mouse, the H2A variant Ml [equivalent to H2A.F/Z (25, 26) ] was found associated with chromatin that is enriched for transcriptional activity (11) . In addition, the hv-1 variant found in Tetrahymena, which is closely related to H2A.F/Z and has some homology to the mammalian H2A.X protein, is found preferentially associated with active genes (13) . Our results are consistent with H2A.F/Z being a H2A histone variant that associates with active genes in sea urchins.
